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Introduction
Metal oxide sensors have been the subject of intense research for many years because of their potential to produce small, inexpensive sensors capable of not only detecting a range of gases at levels of only a few parts per million, but also distinguishing between these gases in a selective manner. The unifying feature of many of these sensors is their use of a metal oxide such as SnO 2 [1, 2] , TiO 2 [3, 4] or ZnO [5, 6] , either as a thin polycrystalline film or in the form of nanostructures. Devices range from simple resistive sensors [7] [8] [9] [10] [11] [12] to more complicated setups which utilise metallic gates [13, 14] . The basic sensing mechanism relies on changes in the conductivity of the metal oxide layer induced by surface chemical reactions between chemisorbed oxygen species and target gases. The sensors normally have their optimum sensitivity when operated at elevated temperatures (100 o C-400 o C).
Several groups have formulated theoretical models of metal oxide gas sensor response based on the underlying kinetics of the reactions on metal oxide surfaces at elevated temperatures. For systems containing surface catalysts such as noble metals, authors commonly employ a Langmuir-Hinshelwood reaction scheme between ionised surface oxygen and a reducing gas [15] [16] [17] [18] [19] [20] [21] , which assumes that both species are adsorbed prior to their interaction. By considering the changing surface concentration of each species, it is possible to relate the rate of physical reactions to measured changes in the electrical resistance of the system. However, the differential equations corresponding to different surface species are typically coupled, making it difficult to fit the model to experimental data.
In the absence of surface catalysts, the complexity of the Langmuir-Hinshelwood model may be avoided by instead assuming an Eley-Rideal mechanism [19] [20] [21] [22] [23] [24] [25] [26] for the reaction; in this regime, the reducing species reacts with oxygen ions directly, without first adsorbing to the surface. By neglecting adsorption of the reducing gas, there are fewer surface reactions to consider when constructing a physical description of the system. The simplicity of the EleyRideal process therefore facilitates modelling of the sensor response, enabling greater insight into the properties of the surface reactions.
In the present study, zinc oxide nanosheets are used to investigate the surface reactions of carbon monoxide. To study the formation of oxygen ions at the zinc oxide surface, the relationship between the sensor response and oxygen partial pressure is investigated prior to measuring the effects of the reducing gas. By considering only Eley-Rideal interactions between carbon monoxide and surface oxygen ions, rate constants are estimated for the adsorption, dissociation and ionisation of oxygen and the chemisorption of carbon monoxide molecules. Comparison of rate constant values obtained at different working temperatures makes it possible to estimate the activation energies of various surface reactions.
A c c e p t e d M a n u s c r i p t
Model formulation
A simple model based on the kinetics of adsorption and desorption processes is derived as follows. As a starting point, it is assumed that each adsorbed oxygen molecule dissociates and removes electrons from the metal oxide surface, ionising to form two singly charged oxygen ions. In doing so, a positively charged depletion region is formed below the surface, increasing the electrical resistance of the metal oxide. In the absence of a reducing gas, the oxygen ions remain until they recombine to form diatomic oxygen, which lowers the electrical resistance as electrons are returned to the metal oxide.
When carbon monoxide is added to the system it may react with the surface oxygen ions, forming carbon dioxide and releasing electrons back to the metal oxide. It is proposed that the carbon monoxide chemisorbs to the surface oxygen prior to release of carbon dioxide, following an Eley-Rideal reaction mechanism. The overall system is described by the reactions where the constants k 1 and k -1 are the rate constants for formation and desorption of surface O -ions, respectively, while k r1 and k r2 correspond to the rate constants for the two steps of the . The electrons are returned to the metal oxide during the processes described by Eq. (2) and Eq. (3).
By combining the reactions, it is possible to describe how the concentration of surface ions changes with time. Adopting a similar approach to Nakata et al. [26] 
M a n u s c r i p t By imposing the condition that θ CO is zero before CO is introduced into the system, Eq. (12) yields an expression for θ CO which may be substituted into Eq. (10) to give where and It should be noted that time, t, is taken to be zero at the moment the CO is introduced to the system. Unfortunately Eq. (13) cannot be solved generally, but it is possible to obtain the steady-state solution, where dθ O /dt is zero when t tends to infinity, which is given by where the ratio k 1 /k -1 has been relabelled as a new parameter, K O , the equilibrium constant for O -formation.
The variation of θ O and θ CO during sensor recovery may be studied in a similar manner. Setting P CO to zero in Eq. (12) (19) is strictly only valid for sufficiently large particles, where the bulk material is unaffected by the electrical potential at the surface [28, 29] . The response of the sensor is defined by where R(CO on) and R(CO off) correspond to the equilibrium resistance of the sensor when the CO is on and off, respectively. Used together, Eq. (19) and Eq. (20) provide a useful relationship between the fractional coverage of surface ions and the response.
The formulae derived thus far may now be used to predict how the response varies with changing P CO /P TOT . It will be demonstrated later that it is particularly informative to consider the reciprocal of Eq. (16), which, after substituting θ O (CO off) into the expression using Eq. (18), can be written as
The advantage of Eq. (21) is that the P CO /P TOT dependence is confined to just one term. Moreover, if k r2 is much larger than the product of k r1 and P CO /P TOT , the final term becomes directly proportional to P CO /P TOT as γ CO is approximately equal to k r2 . In this case, a plot of 1/θ O (CO on) as a function of P CO /P TOT is expected to be linear.
Experimental

Sensor preparation
To support the sensing material, alumina gas-sensing substrates were purchased from the Electronics Design Centre at Case Western Reserve University, Cleveland, Ohio. These consisted of inter-digitated platinum electrodes mounted on alumina. Each electrode was spaced 300 µm from its neighbours, and alternate electrodes converged to form an electrical connection. A continuous platinum track was printed on the underside of each substrate to allow resistive heating of the sensor.
The ZnO nanosheets were produced by thermal decomposition of layered basic zinc acetate (LBZA) nanosheets, which were synthesised following a process described in our previous publication [30] . A 200 µL volume of rinsed LBZA nanosheets was drop-cast onto the interdigitated platinum electrodes of a gas sensing substrate. After drying for several minutes at 60 o C, the substrate was annealed at 500 o C in a tube furnace under a 1 L min -1 flow of dry air for 30 minutes to thermally decompose the LBZA to ZnO. Following the heat treatment, the flow of dry air was continued until the furnace had cooled naturally back to room temperature.
M a n u s c r i p t
Characterisation
The ZnO nanosheets were inspected prior to the gas sensing experiments using a Hitachi S4800 field emission scanning electron microscope at an accelerating voltage of 5 kV. In addition to the lengths and widths of the nanosheets, the sizes of the nanoparticles within each nanosheet were examined. Three different locations on the sample were scanned in order to evaluate the uniformity of the sensing material.
Oxygen and carbon monoxide sensing measurements
Sensing tests were conducted using a custom-built chamber. Nitrogen and oxygen gases were flowed separately through the chamber at rates controlled by mass-flow controllers, with the overall flow rate maintained at a constant value of 400 mL min -1 . The fraction of oxygen could be controlled accurately, and resistance measurements were taken at oxygen fractions (P O2 /P TOT ) between 0.05 and 0.2 in steps of 0.025. Hand-operated valves were used to switch between pure nitrogen gas and the test gas, which consisted of 1000 ppm carbon monoxide in nitrogen, and the rate of flow of the test gas was moderated by a mass flow controller to control the concentration of carbon monoxide present. Sensing tests were performed at carbon monoxide concentrations in the range 50-200 ppm, at intervals of 25 ppm.
The sample was heated by passing a current through the platinum track on the underside of the substrate. Prior to loading the substrate into the chamber, the resistance of the track was measured as a function of temperature using a K-type thermocouple. This calibration was used to deduce the temperature of the substrate during the sensing experiments. Both the current through the track and the potential difference across it were measured using two channels of a Keithley 2000 multimeter. The multimeter was also used to continuously measure the ZnO resistance during each sensing test.
Results and discussions
Sensor characterisation
SEM images of the ZnO nanosheets on the surface of the gas sensing substrate are shown in Fig. 1 . Fig. 1(a) shows that the nanosheets are typically several microns across. In our previous publication [30] , the nanosheet thickness was measured as 20-100 nm. The high resolution image in Fig. 1(b) shows that the sheets consist of multiple nanoparticles of varying shapes and sizes, with some apparent sintering observed. The average nanoparticle A c c e p t e d M a n u s c r i p t diameter was determined to be 38nm, from more than 100 individual measurements, with a standard deviation of 18 nm. In order for Eq. (19) to be justified, the radius of each nanoparticle must be much greater than the width of the depletion region at its surface [28, 29] . However, without additional information regarding the concentration of donor states in the material, it is difficult to determine whether this condition is satisfied in the present system. It is therefore necessary to assess the applicability of Eq. (19) from the measured variation of the electrical resistance as a function of the oxygen partial pressure, as will be discussed later.
Estimation of α, R 0 and K O
When formulating the model, it was mentioned that it is useful to express 1/θ O (CO on) as a function of P CO /P TOT , as in Eq. (21) , an assertion which is justified by the observation that the two parameters are expected to exhibit a linear relationship when k r2 is sufficiently high. To realise why a direct proportionality between 1/θ O (CO on) and P CO /P TOT might be useful, it is instructive to first consider how both θ O (CO on) and θ O (CO off) may be determined from resistance measurements. According to Eq. (19), the resistance, R, is related to θ O via two physical variables, namely R 0 and α. If the values of these parameters are known, it is therefore possible to deduce θ O at any given time. Taking the natural logarithm of Eq. (19), ln(R) is expected to vary in direct proportion to θ O 2 . Moreover, the equation suggests that a plot of ln(R) as a function of θ O 2 has gradient α and y-intercept ln(R 0 ), providing estimates for these two variables. Unfortunately, since θ O cannot be measured directly, construction of the plot is not trivial.
In order to continue, Eq. (18) should be considered. This equation relates θ O to P O2 /P TOT in the absence of CO, through a third unknown parameter, K O . Without additional information, it is clear that θ O (CO off) cannot be calculated from measurements of P O2 /P TOT as K O is yet to be determined. However, after measuring R at multiple values of P O2 /P TOT in the absence of CO, Eq. (18) and Eq. (19) may be used to construct multiple plots of ln(R) versus θ O (CO off) 2 for different "guess" values of K O . For each K O value, the gradient of the plot yields an estimate for α while the y-intercept is equal to ln(R 0 ). The requirement of a linear relationship potentially allows some of the K O estimates to be discarded, as this behaviour does not necessarily exist for all of the guess values. Yet the value of K O may not be sufficiently constrained by this consideration alone.
At this stage, it is helpful to investigate the relationship between R and P CO /P TOT at a particular value of P O2 /P TOT . After measuring R(CO on), Eq. (19) allows θ O (CO on) to be calculated for each guess value of K O from the corresponding estimates of α and ln(R 0 ). It is subsequently possible to plot 1/θ O (CO on) against P CO /P TOT for each K O estimate. Provided that k r2 is much greater than k r1 (P CO /P TOT ), 1/θ O (CO on) is expected to vary in direct proportion to P CO /P TOT with the y-intercept equal to 1/θ O (CO off). These requirements impose additional constraints on the value of K O .
As an example, one may consider a value of K O which results in a direct proportionality between ln(R) and P O2 /P TOT . In addition, the corresponding plot of 1/θ O (CO on) versus P CO /P TOT at a particular P O2 /P TOT value is linear over the measured range but the y-intercept does not equal the expected value of 1/θ O (CO off). This estimate of K O is unsuitable, as it does not satisfy all of the requirements imposed by the theory. Although the relationship between 1/θ O (CO on) and P CO /P TOT plot is linear over the concentration range of the resistance measurements, the fact that the extrapolated y-intercept differs from the expected value of 1/θ O (CO off) indicates that this proportionality would not be observed at lower concentrations.
Fig. 2 illustrates an iterative procedure to determine K O at a particular temperature. Starting with a guess value of K O , a plot of ln(R) vs θ O (CO off)
2 is constructed and used to deduce the relationship between 1/θ O (CO on) and P CO /P TOT at constant P O2 /P TOT . If the requirements of the two plots are not simultaneously satisfied by the K O estimate, as described above, the guess value is modified and the procedure repeated. By iterating in this way, it is possible to obtain a well-constrained estimate of K O , as well as the corresponding values of α and R 0 .
Resistance measurements at different concentrations of oxygen
In order to obtain accurate estimates for α and R 0 at each working temperature, the resistance of the sensor was measured at different partial pressures of oxygen. The remainder of the gas environment consisted of pure nitrogen, with no CO present. According to Eq. (19) , R is anticipated to exhibit an exponential relationship with θ O 2 if the ZnO particles are sufficiently large. As shown by Fig. 3 , this was observed experimentally at every temperature, with the gradients and y-intercepts providing estimates for α and ln(R 0 ), respectively. However, the form of each plot is dependent on K O , and this is not well constrained by this experiment alone. As discussed, it is necessary to investigate the effects of CO to obtain more precise estimates of K O . It should be noted that Fig. 3 has been constructed using the final K O estimates obtained from the iterative approach outlined in Fig.  2 .
Response measurements at different concentrations of carbon monoxide
In order to observe the relationship between 1/θ O (CO on) and P CO /P TOT , the response of the sensor was measured at different concentrations of CO with P O2 /P TOT maintained at a value of 0.2 throughout. Plots of 1/θ O (CO on) versus P CO /P TOT are shown in Fig. 4 ; at each temperature, the K O value used is the same as for the corresponding plot Fig. 3 . There is a clear linearity in the results at every temperature, indicating that k r2 is much greater than k r1 (P CO /P TOT ) and the second reaction step in Eq. (3) occurs much more rapidly than the first.
From Fig. 3 and Fig. 4 , it is possible to infer the values of K O , α and R 0 . Together, these provide the means to fit the model to response and recovery curves and estimate further reaction parameters. However, the precision of the estimates is reliant on the effectiveness of M a n u s c r i p t It is apparent from Fig. 5 that there exists a temperature at which K O is maximised. This is shown more explicitly in Fig. 6 , which depicts K O as a function of temperature. Also plotted is the response of the sensor, defined by Eq. (20) , to 200 ppm CO. The peak response approximately coincides with the maximum K O value, which suggests that the sensitivity of the sensor to CO is determined predominantly by the oxygen coverage. At the lower temperatures, there is a little energy available for the formation of O -ions and hence K O is low. Similarly, the reaction between CO molecules and O -ions is slow, leading to a low sensor response. As the temperature is increased, O -ions form more rapidly and react with CO at an enhanced rate. However, the rate of O -formation cannot rise indefinitely, as it is limited by the concentration of unoccupied surface sites. Moreover, the reverse reaction, shown in Eq. (2), also increases with temperature, resulting in K O decreasing at sufficiently high temperature values. Although the probability of a CO molecule reacting with an O -ion is increased at these temperatures, the lowered concentration of O -ions leads to a suppressed reaction rate and a corresponding decrease in the sensor response.
Fitting the theoretical model to response and recovery curves
Once estimates for α and K O have been obtained, it is possible to fit the model to response and recovery traces using Eq. (13) and Eq. (17) respectively. However, it is still necessary to manually input estimates for two of three further parameters, namely k -1 , k r1 and k r2 . The third of these variables can be calculated from the other two using the measured gradient from Fig. 4 in conjunction with Eq. (21). It is worth remembering that the linear trends observed in Fig. 4 are indicative of a k r2 value that is far greater in magnitude than k r1 P CO /P TOT . A further observation is that the best fits to the response and recovery curves are obtained by assuming that k r2 is much larger than k -1 . These approximations vastly simplify the process of selecting appropriate parameter values as they remove all dependence on k r2 from the pre-exponential factors in both Eq. (13) and Eq. (17) . In effect, the k r2 dependence is confined to the exponent itself, and therefore only influences the response or recovery at low values of t. Consequently, fits to the response and recovery curves are only weakly affected by even large changes in k r2 . It is therefore only necessary to estimate a single parameter accurately, simplifying the fitting procedure and ensuring that it delivers M a n u s c r i p t unique solutions. The resulting fits to the response and recovery traces at a CO concentration of 200 ppm are displayed in Fig. 7 and Fig. 8 respectively; data are normalised with respect to the starting resistance and successive curves are arbitrarily offset to aid comparison.
The plots clearly show that the response and recovery rates increase with temperature. It has been noted that Eq. (12), describing the time variation of θ CO , is an approximation which is only justified when θ O changes sufficiently slowly. It is demonstrated in the Supplementary Information that this is indeed the case for every response and recovery curve described in this investigation.
Estimation of activation energies for the surface reactions
Having fitted the theoretical model to the resistance measurements, it is possible to further investigate the physics of the surface reactions by comparing the reaction parameters obtained under different conditions. Firstly, the temperature-dependence of R 0 , the resistance in the absence of surface ions, is considered. When the applied electric potential is sufficiently low, thermoelectronic emission theory dictates that for a porous semiconductor containing a concentration n s of free surface electrons, the resistance, R, obeys the relation [28] .
It is known that in a typical semiconductor, n S is given by [31] where E F and E C,S are the Fermi Energy and the energy of the conduction band minimum at the surface, respectively, and k B is Boltzmann's constant. The pre-exponential factor, N C , scales in direct proportion to T 3/2 . The value of E C,S depends on the concentration of ions adsorbed at the surface, which is a temperature-dependent quantity. However, in the absence of O -or CO 2 -ions, the magnitude of the surface potential barrier, and therefore E C,S , is assumed to remain constant as the temperature is varied. In addition, if the range of measured temperatures is sufficiently small, the variation of E F may also be neglected. Combining Eq. (22) with Eq. (23) and imposing the condition that no surface ions are present, one obtains the expression where A is a temperature-independent constant. If, as predicted, E C,S -E F remains constant over the measured range of temperatures, a plot of the sum of ln(R 0 ) and ln(T) as a function of 1/T ought to be linear with gradient equal to (E C,S -E F )/k B . Fig. 9 , which utilises the ln(R 0 ) estimates obtained from Fig. 3 , demonstrates that this linearity exists within the experimental error, and the gradient yields an estimate of 590 ± 90 meV for E C,S -E F . It should be
M a n u s c r i p t emphasised that this value is only applicable in the absence of surface ions, and is increased by an amount equal to αθ O 2 k B T when such ions are present.
The temperature dependences of rate constants may be studied in a similar manner. It is often found that the rate of a chemical reaction exhibits an exponential dependence on temperature, so useful kinetic parameters may be obtained from an Arrhenius plot, wherein the natural logarithm of the rate constant is plotted as a function of 1/T. The rate constant, k i , is related to the molar activation energy, E i , of the reaction through the equation where R M is the molar gas constant. For instance, the energy barrier for the formation of O -ions from molecular oxygen may be deduced by constructing an Arrhenius plot for rate constant k 1 , as shown in Fig. 10 . Using values obtained from the measured response at a CO concentration of 200 ppm, the activation energy is estimated as 72 ± 9 kJ mol -1 . If the recovery curves are considered instead, an alternative estimate of 63 ± 10 kJ mol -1 is obtained. These values are of similar magnitude to the activation energies of similar processes reported elsewhere; separate investigations into the ionisation of oxygen at the surface of ZnO report activation energies of 69 kJ mol -1 [32] and 83 kJ mol -1 [33] , while another study calculates the energy barrier for the formation of O -ions on TiO 2 as approximately 77 kJ mol -1 [34] . Fig. 11 depicts an Arrhenius plot for the rate constant k r1 , corresponding to the reaction of O -ions with CO. Considering the response and recovery curves separately, as before, it is apparent that the expected linearity exists for both sets of results. Using Eq. (25) to interpret Fig. 11 , the response curves yield an activation energy estimate of 54 ± 9 kJ mol -1 , whereas the recovery curves lead to a value of 42 ± 7 kJ mol -1 . These estimates are consistent with previous research, in which activation energies of 39-42 kJ mol -1 have been deduced through measurement and computational modelling [35] [36] [37] [38] .
Conclusions
Through consideration of the kinetics of the surface reactions, a mathematical model has been developed to describe the measured response of a zinc oxide nanosheet-based sensor to carbon monoxide gas. Fitting of the response and recovery curves was facilitated by assuming the carbon monoxide reacts with surface oxygen ions via an Eley-Rideal mechanism, neglecting the reactions of carbon monoxide adsorbed at bare surface sites.
To complement the response measurements, additional tests were conducted to explore the physics of the system in the absence of carbon monoxide. From these experiments, it became possible to calculate the surface concentration of oxygen ions at a particular electrical resistance, providing the means to determine the rate of reactions occurring at the zinc oxide surface. Furthermore, comparison between the estimates acquired at different working temperatures allowed the activation energies for these processes to be evaluated. In (25) M a n u s c r i p t particular, the activation energy for the reaction between O -ions and carbon monoxide was estimated as 54 ± 9 kJ mol -1 or 42 ± 7 kJ mol -1 from the response and recovery curves respectively. The energy barrier for the formation of O -ions was found to be 72 ± 9 kJ mol -1 from the sensor response and 63 ± 10 kJ mol -1 from the recovery. These values are comparable to estimates existing in the literature, corroborating the validity of both the model and the experimental procedure. In the absence of surface ions, the energy difference between the Fermi level and the conduction band minimum at the surface is estimated as 590 ± 90 meV.
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Highlights -A mathematical model is developed to describe the response of a CO sensor based on ZnO nanosheets.
-A systematic series of experiments allows estimation of various reaction rate constants used in the theory.
-The experiments explore the effects of changing O 2 or CO concentration on the resistance of the sensor.
-By repeating the experiments at different temperatures, the activation energies of surface reactions are investigated.
-Arrhenius plots are used to deduce the activation energy for formation of O -ions and the reaction of these ions with CO gas.
